1
Therefore, PAR is used as an indicator in the EDTA titration of copper(II). We found that a color reaction of copper(II) with PAR occurred in the presence of EDTA, the absorption based on the complexation of copper(II) with PAR was detectable by spectrophotometry and the obtained signals corresponded to the copper(II) contents, if flow-injection analysis (FIA) was adopted.
The subsequent ligand-exchange reaction of copper(II)-PAR to copper(II)-EDTA occurred after passing through a flow-through cell. Consequently, the free PAR was regenerated and could be reused repeatedly. This makes it possible to adopt the circulatory flow-injection method (cyclic FIA) [5] [6] [7] [8] [9] [10] and to determine copper(II), repetitively. There is a need for a simple, fast, selective and automated method to monitor or determine metal ions. Compared to conventional batch methods and chromatography, FIA offers many significant advantages when the concentration of one analyte has to be determined.
The aim of this study was to reveal the color reaction of metal ions with an organic reagent in the presence of a complexing agent (EDTA) and to develop a cyclic FIA for the repetitive determination of metal ions. A famous spectrophotometric reagent, PAR, was chosen because of its water solubility compared to that of, 1-(2-pyridylazo)-2-naphthol (PAN), [1] [2] [3] [4] and the copper(II)-PAR-EDTA system has been employed as a model for a cyclic FIA. The proposed method allows as many as 100 repetitive determinations of 2.5 ppm copper(II) with only a 100 ml reservoir solution. The use of a cyclic FIA provides a better utilization of the reagents, while minimizing the waste, decreasing the operating cost and shortening the determination time. This is one approach to the ZERI (zero emissions research initiative) concept.
Experimental

Chemicals and apparatus
All chemicals were of analytical-reagent grade. A standard copper(II) solution (1000 ppm) and PAR were purchased from Wako Pure Chemical Co. The water used for preparing solutions was obtained by a Milli-Q water-purification system.
A schematic diagram of the cyclic FIA used in this work is shown in Fig. 1 
Procedure
A typical circulating reagent solution was made up of 100-ml containing 1.0 × 10 -5 M PAR and an equimolar amount of EDTA in a 0.05 M acetate buffer (pH 6.5). This solution in the reservoir was constantly stirred with the help of a magnetic stirrer. A 10-µl of copper(II) solution was injected into the reagent stream; the formed complex was monitored spectrophotometrically (at 510 nm) in the flow-through cell and the response was fed to a strip chart recorder. The stream was then carried back to the reservoir. Using a cycle time of one min, 60 injections/h were made. To evaluate the reproducibility and repeatability, standard copper(II) solutions (0 -5 ppm) were injected in triplicate to make a calibration graph; then, 2.5 ppm copper(II) was used in 100 replicate for sequential tests, followed by another calibration.
Results and Discussion
In the EDTA titration of metal ions, such as Cu 2+ , Cd 2+ , Ni 2+ and Zn 2+ , PAR is used as a metallochromic indicator. The following ligand-exchange reaction is predominant in these titrations: Metal-PAR + EDTA → Metal-EDTA + PAR.
If EDTA exists in excess, the color reaction of PAR with a metal ion does not occur. However in an FIA system, color development really occurs at the boundaries of the sample zone which is injected into the reagent solution, and its intensity corresponds to the metal-ion content. This is a striking characteristic of FIA, and can never be done by batch methods. This concept is very surprising and important; namely, the reaction is carried out in large quantities of an "inhibitor". It can be easily extended so as to include the cases of redox, precipitation and neutralization 5 reactions as well as the complex formation reaction.
Optimization of FIA conditions
Copper(II) reacts with PAR to form a red copper(II)-PAR complex in the pH range 5 -9. 1 The effect of the pH on the color development was examined over the range 4.0 -9.5 using appropriate mixing of a 0.05 M acetic acid and sodium hydroxide solution. The experiments showed that the maximum complex formation was achieved in the pH 6 -7 range. A pH value of 6.5 was chosen as being optimum.
An increase of the PAR concentration in the circulating reagent solution results in a proportional increase of the sensitivity. The concentration of PAR was chosen to be 1.0 × 10 -5 M, while taking into account the low consumption, the increase in the background absorbance and the limited solubility of the reagent in water.
The volume of the sample injection is desirable to be as small as possible in a cyclic FIA, because a large number of sample injections results in a dilution of the reagent solution. However, an increase in the volume of sample injection increases the sensitivity of the copper(II) determination. An injection volume of 10 µl was chosen as a compromise between the dilution of the reagent solution and the sensitivity of the copper(II) determination.
The selection of the reservoir volume may be dictated mainly by the number of samples to be determined and the approximate content. In this work, the reservoir volume was chosen to be only 100 ml, while taking into account an effective reuse of the reagents and minimizing the waste.
Other FIA variables were optimized by maximizing the obtained peak heights (Fig. 1) .
Repetitive determination of copper(II) by cyclic FIA
The sensitivity depends on not only the injection volume, but also the concentration of EDTA in the circulating reagent solution. Therefore, the effect of the EDTA concentration on the analytical signal was investigated. As shown in Fig. 2 , the absorbance decreased with increasing the EDTA concentration. It is obvious that copper(II) reacts with two ligands, PAR and EDTA, simultaneously, when copper(II) is injected into the circulating reagent solution. In this study, the concentration of EDTA was decided to be 1.0 × 10 -5 M, an equimolar amount of PAR, considering the sensitivity and the repetitive determination of copper(II). The length of the reaction coil determined the time that the reaction was allowed to proceed. The signal decreased with increasing the reaction coil length. The length adopted for subsequent experiments was 40 cm, the minimum value for connecting the two devices. Figure 3 shows the flow signals without (A) and with (B) coexisting EDTA in the circulating reagent solution. The baseline absorbance increased with increasing the amount of copper(II) injected (A), because of an accumulation of the colored copper(II)-PAR complex in the circulating reagent solution. However, in the presence of EDTA, no drift of the baseline was observed (B). It is clear that the ligand-exchange reaction of copper(II)-PAR to copper(II)-EDTA took place completely, resulting in a regeneration of the free PAR, and could be reused in the flow system. One of the disadvantages of FIA is the relatively high reagent consumption per analysis, because the reagent solution is transported to the system at any time. By using a cyclic FIA, the reagent consumption is greatly decreased and system is simplified with a single line manifold. As can be observed in Fig. 3(B) , there is a good reproducibility and repeatability of the results obtained during a continuous hundred-times injection of the same concentration sample (Cu(II): 2.5 ppm). Cyclic FIA is particularly appropriate when a rapid analysis is needed, and especially when there are a large number of samples to be analyzed. This procedure is the most suitable and convenient, and can be readily adapted for the routine work of copper(II) determination in industrial or environmental samples.
Calibration and sensitivity
The calibration curve for copper(II) was linear over the concentration range from 1 to 12 ppm with a correlation 1078 ANALYTICAL SCIENCES OCTOBER 2002, VOL. 18 
Conclusion
Copper(II) was spectrophotometrically determined with PAR in the presence of EDTA.
The main reagent, PAR, was successfully regenerated by the ligand-exchange reaction with EDTA, allowing the adoption of circulatory FIA (cyclic FIA) and the repetitive determination of copper(II).
